Multiplexing detection technique compatible to standard (e.g. Wireless LAN) transmitters is proposed. It features enhanced error-rate performance with flexible computational complexity and robustness to imperfect channel estimation. It is based on exploitation of the redundancy available in the cyclic prefix after cancellation of interference from the preceding block. In order to show the effectiveness of our proposal, an analysis of computational complexity and a number of comparisons to the standard per-subcarrier receiver and a previously existing method in terms of error rates are reported.
I. INTRODUCTION
Orthogonal Frequency Division Multiplexing (OFDM) [1, 2] is a signaling technique particularly suited for transmission over linear distortion channels. The key feature of OFDM is the fact that both the transmitter and the receiver can be based on the well-known and efficient Fast Fourier Transform (FFT) [3] . The simplicity of the FFT-based receiver structure has led to its inclusion in many existing and future wireless standards, such as IEEE 802.11 [4] and 3GPP LTE [5] .
It is well known that a cyclic prefix is needed in the OFDM signal in order to preserve the orthogonality between the subcarriers. The cyclic prefix reveals its usefulness also for synchronization purposes. Much less investigated is the use of the cyclic prefix as an aid to enhance data detection by virtue of its intrinsic redundancy.
To the best of our knowledge, a technique present in the literature capable of exploiting part of the redundancy of the cyclic prefix has been presented in [6] . It starts from the assumption that the cyclic prefix itself is occasionally over-dimensioned with respect to the actual channel memory, and it consists in using the cyclic prefix segment not affected by interference from the preceding block in order to obtain an over determined system of equations. The mathematical approach presented in [6] cleverly exploits the circulant nature of the equivalent channel matrix and results in a simple detection scheme which, unfortunately, gives rise to a small performance gain.
A preliminary version of this work was presented in [7] , where we suggested to cancel the interference arising in the cyclic prefix from the preceding block in order to take advantage of all its redundancy.
In this work we will first report, for the sake of completeness, the derivation of the model described in [7] , followed by a detailed description of a linear detection strategy and a computational complexity analysis.
We will then show the robustness of the proposed receiver to imperfect channel knowledge and data detection, which could be reasonably questioned about being susceptible to error propagation, compare its performance to that of relevant existing techniques, and conclude showing how the proposed detection scheme may be employed in soft-output detection for coded transmissions.
The paper is structured as follows: section II presents the standard and the proposed OFDM model, section III presents detection strategies based on the proposed model, section IV reports comparison between receivers based on our proposal and other receivers with perfect and imperfect channel state knowledge and/or coded transmission. Section V draws conclusions.
II. SYSTEM MODEL

A. OFDM with a cyclic prefix
We hereby consider a baseband OFDM modulation. The i-th data block consists of K independent and identically distributed symbols 
The null terms in
a correspond to the so-called "virtual subcarriers", in agreement to standardized OFDM (see e.g. [4] ). The virtual subcarriers are needed in order to limit the effects of imperfect phase synchronization.
Note that vector
where K is the block matrix
while n I and n 0 are the n-order identity and square null matrix. 
where
a , which is intrinsically periodic with respect to the index n. 
which is then transmitted over a quasi-static multipath frequency selective channel whose baseband equivalent impulse response is
The channel is also affected by zero-mean additive white Gaussian noise with two-sided power spectral density 0 / 2 N .
Assuming a receiver employing an orthonormal bandlimited basis expansion (for example Root-Raised-Cosine filtering), the following baseband discrete-time model for the received signal is obtained: 
is the unnormalized DFT of the equivalent channel impulse response and
has, by virtue of the orthonormality of the DFT, the same statistics of m w .
Equation (11) leads to the simple per-subcarrier detection scheme which is one of the main reasons for the widespread adoption of OFDM in many wireless standards.
B. Interference cancellation in the cyclic prefix
Let us consider the subsequence 
, and the following identity results: 
In the limit for high signal-to-noise ratios, the estimated sequence 
and finally, the residual term from the first summation in (18) can be taken into account as an equivalent noise term as follows:
leading to the virtually interference-free cyclic prefix term
C. Matrix model for the detection strategy
It is useful to arrange the above defined sequences in vector form. For ease of notation, we will hereby drop the OFDM symbol index superscript [ ] i since, after cancellation, the preceding symbol contribution does not appear explicitly in any equation.
denote the K-elements vector collecting the data-related terms from (11), and in the same way ( ) diag k H H and W denote the channel matrix and noise vector whose elements are defined in (12) and (13) respectively, so that (11) may be rewritten as
Taking now into account the relationship (5) between n x and k a , we get from (20) the following
which, denoting the interference-free cyclic prefix with
may be put in matrix form as
is a sparse matrix whose elements are defined as follows:
(note that the index m spans from P N − in the first row to 1 − in the last) and the matrix Φ is the normalized N-points DFT matrix whose elements are:
Recalling (3) we finally obtain the following matrix model for the detection (after cancellation of interference in the cyclic prefix) of the i-th OFDM symbol:
We observe that the noise vectors w and W are uncorrelated since they are relative to disjoint received sequences.
Note that the model (28) is the standard noisy observation vector subspace model typical in the detection of linearly modulated signals over additive Gaussian channels.
We will show that, thanks to the redundancy intrinsic in an over-determined linear system with unknowns, even simple linear detection techniques exhibit a significant improvement both over the standard per-subcarrier OFDM detection and previously developed techniques such as the one presented in [6] .
Moreover, the matrix Γ is a block matrix built from highly structured or sparse components, and its computation (if needed) is straightforward.
III. DETECTION STRATEGY
In this section we first describe the channel estimation strategy which was adopted in numerical simulations, then briefly discuss a maximum likelihood detection strategy which has been implemented in order to lower bound the error-rate performance of any receiver.
Subsequently, we will present a linear detection strategy along with a complexity analysis, and conclude the section with a suboptimal log-likelihood computation strategy whose effectiveness will be shown by means of numerical simulations in the next section. 
A. Channel estimation
Substituting time averages instead of expectations, the following unbiased estimator for k H is readily obtained:
where 0 1 λ < ≤ is a forgetting factor depending on the expected channel variability. The estimate is bootstrapped by means of a pilot symbol ( 0 i = ). For subsequent blocks, data estimates are used. Note that the transferences related to virtual (zero) subcarriers cannot be estimated since they are not observable.
The time-domain estimate ˆ, 
B. Maximum Likelihood detection
In order to show the theoretical performance gain, i.e. with unbounded complexity, of a receiver based on the proposed model, we compare in the next section the Maximum-Likelihood performance of a standard persubcarrier receiver based on the model (11) and a symbolby-symbol receiver based on the model (28). The former was implemented with a per-subcarrier Least Squares Equalizer (LSE) followed by AWGN detection, while the latter was implemented with a Sphere Decoder (SD) using Schnorr-Euchner enumeration (see e.g. [9] ) which uses a linear Least Squares estimate as a preprocessing step.
C. Least Squares Estimate
We briefly discuss the effect of adding the cyclicprefix related equations to the sufficient statistic for the detection of the i-th OFDM symbol.
Since the problem obtained by neglecting the noise contribution in (28) is over-determined, the Least Squares (LS) estimate for the data vector c is given by Assuming a quasi-static channel, the QR factorization will be computed once per received packet, so its complexity will be neglected.
This analysis shows that the implementation complexity of a LS detector is ( ) 2 O K , which rules out applicability of the proposed method for applications with a high number of subcarriers, such as DVB-T and OFDMA (thousands of subcarriers). Conversely, in the small number of subcarriers application scenario such as the WLAN (64 subcarriers [4] or 128 in IEEE 802.11n Draft Proposals), the proposed method leads to attractive results which trade off with the increased detection complexity. Indeed, a noteworthy feature of our proposal is its flexibility since it is not mandatory to use all of the equations (23) in the detection process.
D. Log-Likelihood Ratios
One of the advantages of the standard per-subcarrier receiver is in its suitability for simple computation of the Log-Likelihood Ratios (LLR) needed in effective softinput decoding of Forward Error Correction codes: The computation (38) is simple because of the orthogonality of the equations (11). On the contrary, the proposed model (28) describes a non-orthogonal relationship between equations, so that a simple equation such as (38) is not available.
We propose a sub-optimal approach for the computation of LLR's, based on the output from the Least Squares estimator (32) (
is the (still Gaussian) probability density function of the filtered noise having variance ( ) ( )
These variances may also be computed once per received packet, so the complexity associated to their computation will be neglected.
IV. PERFORMANCE ANALYSIS
We present numerical simulation results since, while an exact analysis of error-rate performance for such a system is simple in the ideal channel estimation and data detection scenario, a realistic analysis is cumbersome. In order to obtain reliable performance figures, each error probability estimate has been obtained running the simulation until 4 10 independent error events occurred.
A. Comparison to previous art
The method of Tarighat et al [6] exploits only partially the redundancy available in the cyclic prefix. It is based on using the part of the cyclic prefix which is not affected by interference from the previous block. Its strength lies in the surprisingly simple detection strategy arising from the circulant nature of the matrix involved in their model. Our approach mainly differs from the one used in [6] since we obtain a virtually interference-free cyclic prefix by means of interference cancellation and can thus fully take advantage from its redundancy.
From a practical point of view, their approach suffers from the nature of the discrete-time channel model obtained by sampling the continuous-time impulse response (9) , since in the case of band-limited signals the number of non-zero terms is (in rigorous terms) infinite and is approximated with a FIR filter response. Performance of the MMSE receiver from [6] is also shown.
We report in figure 1 the frame-error-rate performance of a Minimum Mean Squared Error (MMSE) receiver based on the proposed model for a variable number of equations when the channel has a flat power-delay profile and memory 8 .
The parameters used in the simulations reported in this and the next subsection are 64, N = 52, K = P 16 N = and uncoded QPSK modulation.
As expected from the above argument, it is seen that our proposal and [6] align when the number of used equations equals the number of interference-free terms in the cyclic prefix, while when employing an higher number of equations, our proposal outperforms the previously existing technique. The distinguishing feature of our proposal is the fact that the error-rate performance is enhanced as the channel selectivity increases, i.e. when the fraction of cyclic prefix free from interference is reduced. Conversely, when the channel memory reaches the size of the cyclic prefix the receiver of Tarighat et al degenerates to the standard persubcarrier receiver and no gain is observed. This shows that our detection scheme is substantially different from the one by Tarighat et al, as reported in figure 2. Figure 3 . Maximum-Likelihood (ML) detection frame error rates for a receiver based on the per-subcarrier standard model (11) and a block-by-block receiver based on (28). Figures 3 and 4 show the error-rate performance of a Maximum Likelihood receiver ('block-ML' in the following) based on the model (28) which was implemented by means of Sphere decoding (see e.g. [9] ) with an enumeration strategy that uses the Least Squares estimate (32) as starting point. with a flat power-delay profile. This figure shows that a significant gain in error-rate is already achieved by a linear receiver, and only a marginal gain is obtained by employing the higher complexity block-ML.
B. Maximum Likelihood detection
In order to show the performance in a more realistic scenario, we also ran simulations without assuming perfect channel knowledge. Figure 4 reports the error-rate performance obtained with imperfect channel estimation.
Each simulation run consisted in transmission of five OFDM symbols over a randomly generated static channel ( 1 λ = ), and the error-rates were evaluated on the fifth block, in order to take into account the effects of error propagation on channel estimation, interference cancellation and detection. Figure 4 shows how a significant performance gain is still observed even with imperfect channel knowledge and uncoded transmission, so we feel safe in asserting that error propagation effects have a negligible impact on the performance of the proposed detection strategy. 
C. Coded transmissions
We conclude this section reporting in figure 5 the error-rate performance of the proposed detection scheme versus the standard detector in the coded OFDM scenario. We used a parallel concatenated convolutional turbo-code (for a description of turbo-codes see e.g. [10] ) having rate 7/8 and randomly generated interleaver. The parameters of the system are (as with the other reported simulation results) 64, N = 52, K = P 16, N = QPSK modulation and channel memory 16 L = . We used the approximated softoutput detection strategy (39), which is based on the output from the block-LS linear detector (32).
As evident from inspection of figure 5 , the performance of soft-and hard-decision decoding for a receiver based on our proposal favorably compares to the performance of the standard per-subcarrier receiver. A significant gain in signal-to-noise ratio is observed for any target frame error rate.
V. CONCLUSIONS
We presented a novel detection architecture for OFDM with a cyclic prefix which is based on cancellation of interference arising in the cyclic prefix itself. In order to demonstrate our proposal, we described a linear detection strategy and reported its performance in the case of perfect and imperfect channel knowledge and both uncoded and coded transmission.
The error-rate performance of the proposed receiver favorably compares to prior existing receiver structures and its complexity is limited and scalable by simply using less redundancy than available. Extension to MultipleInput/Multiple-Output channels is trivial and not detailed here.
